Ontogenetic plasticity of anatomical and ecophysiological traits and their correlations in Iris pumila plants grown in contrasting light conditions by Avramov, Stevan et al.
  
 
 
 
 
 
 
 
"This is the peer reviewed version of the following article: Ontogenetic plasticity of anatomical and 
ecophysiological traits and their correlations in Iris pumila plants grown in contrasting light 
conditions, which has been published in final form at https://doi.org/10.1111/1442-1984.12171. 
This article may be used for non-commercial purposes in accordance with Wiley Terms and 
Conditions for Self-Archiving." 
Ontogenetic plasticity of anatomical and ecophysiological
traits and their correlations in Iris pumila plants grown in
contrasting light conditions
STEVAN AVRAMOV,1 DANIJELA MILJKOVIC,1 NATAŠA BARIŠIC KLISARIC, UROŠ ŽIVKOVIC and
ALEKSEJ TARASJEV
Department of Evolutionary Biology, Institute for Biological Research ‘Siniša Stankovic’, University of Belgrade, 11060 Belgrade,
Serbia
Abstract
To better understand what directs and limits the evolution of phenotype, constraints in the
realization of the optimal phenotype need to be addressed. That includes estimations of vari-
ability of adaptively important traits as well as their correlation structures, but also evalua-
tion of how they are affected by relevant environmental conditions and development
phases. The aims of this study were to analyze phenotypic plasticity, genetic variability and
correlation structures of important Iris pumila leaf traits in different light environments and
ontogenetic phases, and estimate its evolutionary potential. Stomatal density, speciﬁc leaf
area, total chlorophyll concentration and chlorophyll a/b ratio were analyzed on I. pumila
full-sib families in the seedling phase and on the same plants after 3 years of growth in con-
trasting light conditions typical for ontogenetic stage in question. There was a signiﬁcant
phenotypic plasticity in both ontogenetic stages, but signiﬁcant genetic variability was
detected only for chlorophyll concentrations. Correlations of the same trait between different
stages were weak due to changes in environmental conditions and difference in ontogenetic
reaction norms of different genotypes. Ontogenetic variability of correlation structures was
detected, where correlations and integration were higher in seedlings compared with adult
plants 3 years later. Correlations were affected by environmental conditions, with integration
being higher in the lower light conditions, but correlations between phases being stronger in
the higher light treatment. These ﬁndings demonstrated that the analyzed traits can be
selected and can mostly evolve independently in different environments and ontogenetic
stages, with low genetic variability as a potentially main constraint.
Keywords: anatomical and ecophysiological traits, Iris pumila, ontogenetic reaction norms, pheno-
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Introduction
Plants often exhibit a remarkable capacity to adapt to a
particular set of light conditions by generating appro-
priate morphological, physiological and biochemical
responses to achieve establishment, growth and sur-
vival (Bradshaw 1965; Sultan 1995, 2003; Schlichting &
Pigliucci 1998; Delagrange et al. 2004; Rozendaal et al.
2006). Light-evoked developmental modiﬁcations are
most notable at the foliage level because the leaves are
essentially energy-gaining plant organs (Bjorkman 1980;
Fitter & Hay 1981; Bazzaz 1996; Grassi & Bagnaresi
2001; Valladares & Niinemets 2008). Studies of leaf ana-
tomical and ecophysiological traits such as stomatal
density (SD), speciﬁc leaf area (SLA) and concentrations
of the most important photosynthetic pigments (chloro-
phylls) can therefore be very useful in the analyses of
plant phenotype optimality and its evolution.
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Studies of correlation patterns between the traits that
make a complex phenotype (Schlichting 1986; Pigliucci
et al. 1995; Gianoli 2004; Avramov et al. 2007; Loranger &
Shipley 2010) and its environmental and developmental
variability (plasticity of traits and its correlations) are
important for selection on traits correlated with ﬁtness,
because plasticity can be adaptive (Bradshaw 1965;
Schlichting 1986; Scheiner 1993; Sultan 1995; Schlicht-
ing & Pigliucci 1998) and correlations can act as con-
straints in the realization of the optimal phenotype
(Schlichting 1989; Donohue et al. 2000; Tucic et al. 2005).
Also, because phenotype is the result of complex interac-
tions between genes and the environment during the
process of development, to accurately understand what
directs and limits the evolution of phenotype, it is neces-
sary to study the environmental inﬂuence on the pheno-
type of organisms through the prism of development
(West-Eberhard 1989, 2003; Sultan 1995; Schlichting &
Pigliucci 1998; Wright & McConnaughay 2002; Luomala
et al. 2005; Barton 2007; Maherali et al. 2009). Each feature
of an adult organism is the product of interaction
between genes and traits manifested in the early stages
of development and cannot be separated from the con-
text of the environment in which development occurred
(Pigliucci et al. 1996). However, most studies analyzed
trait plasticity and trait correlations in a single stage of
development (Cao & Booth 2001; Quero et al. 2006; Kiran
et al. 2013), or different stages were represented by differ-
ent individuals (Caruso et al. 2005). Therefore, contempo-
rary empirical questions that need to be addressed
include not only stability of traits, their genetic variabil-
ity and correlation structures in important development
phases, but also evaluation of the same plants if those
relationships between ontogenetic stages are affected by
relevant environmental conditions.
In this study, we utilized dwarf bearded iris, Iris
pumila, a small monocot that occurs in the lowlands of
central and eastern Europe, from southern Moravia in
the north through Austria, Hungary, Serbia, Romania
and Bulgaria to north Anatolia (Randolph 1955; Mathew
1981). It proved to be a good model system for this type
of research for several reasons, including perenniality,
clonality and remarkable polymorphism (Tarasjev et al.
2012). I. pumila plants naturally occur in two different
types of habitat, open terrain and vegetation shade.
Because of differences in light conditions prevailing in
natural habitats of I. pumila, the ability of this species to
respond in a functionally adequate manner, by changing
morphology and physiology of leaves, would be of great
importance to its success in terms of survival and repro-
duction in the given environments. In our study of onto-
genetic aspects of plasticity and character correlations of
anatomical (SD and SLA) and ecophysiological (concen-
trations of chlorophylls a and b) leaf traits of I. pumila we
utilized genotypes grown in contrasting light treatments
that are typical for different ontogenetic stages in their
naturally occurring environments and analyzed relevant
traits at seedling and adult (3 years) stages of develop-
ment. The following questions were posed.
1. Is there an ontogenetic plasticity for analyzed anatom-
ical and ecophysiological leaf traits in I. pumila?
2. Do the ontogenetic reaction norms of analyzed traits
differ between the genotypes and between different
light treatments?
3. Are anatomical and ecophysiological leaf traits in dif-
ferent ontogenetic phases correlated?
4. Is there ontogenetic variability of correlation struc-
tures in I. pumila and how is it affected by the different
light treatments?
By answering the ﬁrst question we will be able to
evaluate the ability of I. pumila plants to respond to envi-
ronmental and ontogenetic changes by phenotypic plas-
ticity, one of the possible adaptive responses to
environmental heterogeneity. Genetic variability as a pre-
requisite for change by selection will also be evaluated
(question no. 2). Correlations between traits put limits on
their independent change and therefore constrain selec-
tion and the course of phenotype evolution. Conse-
quently, strengths of correlations and changes in
correlation structures between typical ontogenetic stages
and light conditions can give insights into the potential
for phenotypic change by selection of analyzed traits in
I. pumila (questions no. 3 and 4) Because most studies of
that potential are limited to the single ontogenetic stage,
these results will also evaluate the need to take into
account different ontogenetic phases and different natu-
rally occurring environmental conditions in such studies,
issues that are strongly emphasized in the Eco-Evo-Devo
approach.
Material and methods
Iris pumila can be found in the dune system at the Natu-
ral Reserve of Deliblato Sands, a sandy protected area
situated about 50 km NE of Belgrade (44480N, 20580E),
Serbia. In their native habitats I. pumila plants form
round-shaped clones. Huge ﬂower color polymorphism
enables detection of individual genotypes in natural
populations of I. pumila (Tucic et al. 1988).
During the ﬂowering period, 34 clonal genotypes of
I. pumila were randomly selected from the population,
according to different ﬂower colors. The simultaneously
ﬂowering clone pairs were chosen and hand-pollinated,
and progenies of each mating pair represented a full-sib
family. Every full-sib family was represented by four to
eight individuals within each light level, depending on
seed availability.
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Seeds were germinated and grown in separate pots
(500 mL) in a growth room with a controlled environ-
ment under two distinct light intensities: 110 and
29 μmol/m2/s. Previous measurements in the ﬁeld
revealed that in natural conditions for I. pumila seedlings
(under the grass canopy on the ground level), light inten-
sity varied from 130 to 20 μmol/m2/s. Therefore, plants
in higher and lower light treatments experienced light
conditions homologous to light variability in natural
habitats in that particular ontogenetic stage.
The growth room contained two four-level shelves
suitable for growth of short to medium height plants.
Each level was assigned to high or low light environ-
ment. Temperature and light cycle inside the growth
room were controlled via an automatic system. In our
experiment, the temperature was accurately controlled:
20/25  1C day/night temperature, with a 16-h light
(day) cycle. We used 96 Philips high-output cool white
ﬂuorescent lamps of 54 W (TL549W840HO) to supply
homogenous lighting. Photosynthetically active radiation
(PAR) was recorded at the level of growing plants by a
point quantum sensor (LI- 190SA, LI-COR, Inc., Lincoln,
Nebraska, USA). The PAR intensity was measured at
18 locations on each tier.
Horizontal airﬂow ensured optimum and uniform
temperature and humidity throughout the growing area.
Pots were rotated twice a week between the four levels
of each shelf to minimize compartment (position) effects.
Growing substrate was a mixture of one part humus and
two parts quartz sand. Plants were regularly top-watered
to full soil capacity.
Six months after germination four seedling traits were
recorded: stomatal density, speciﬁc leaf area, total chloro-
phyll concentration (ChlT) and the ratio of chlorophyll a
to chlorophyll b (Chl a/b).
After 6 months, plants were transferred to the com-
mon garden in the Institute for Biological Research
‘Siniša Stankovic’, and continued to grow for the next
2 years. Plants were individually planted in 3-L plastic
pots ﬁlled with substrate of the same composition as that
for seedlings, and regularly top-watered to full soil
capacity.
Plants that were grown in a higher light treatment in
the growth room were transplanted to a higher light
treatment in the common garden (1330 μmol/m2/s), and
plants that were kept in a lower light treatment in the
growth room were transplanted to a lower light treat-
ment in the common garden (620.32 μmol/m2/s). Differ-
ent treatments were achieved by setting the PVC shading
net on half of the garden’s experimental growing area.
Measurements in the ﬁeld revealed that in natural open
and shaded habitats of I. pumila adult plants, maximum
light intensity varied from 1350 to 390 μmol/m2/s. Anal-
ogous to seedlings, adult plants were also exposed to the
light conditions characterized by values that they would
have experienced in natural conditions. Light measure-
ments (30 per plot) were made with a sensor situated in
a pot at ground level, near transplanted plants.
The temperature was measured daily and there were
no signiﬁcant differences between shaded and not-
shaded parts of the growing area. Twice a week pots
were rotated within experimental plots to minimize
effects of microenvironmental variability.
The same four traits were studied in adult plants (sec-
ond ontogenetic phase), 3 years after germination.
We utilized one leaf per plant, the last fully developed
leaf. Its upper half was used for the analysis of all leaf
characteristics. Removing more than one leaf per seed-
ling could compromise its chances of survival. For stom-
atal imprints, leaves were coated with a transparent nail
polish. After drying, a piece of transparent cellophane
adhesive tape was placed over the nail polish and then
peeled off to obtain the print of the leaf surface. The
transparent cellophane adhesive tape with the print was
then attached to a microscope slide for viewing and
photographing under a light microscope at 40× magniﬁ-
cation (by the Canon digital camera Power shoot attached
to the Olympus ‘Vanox’ microscope, Tokyo, Japan). Stom-
atal counts were carried out in 20 randomly selected
microscopic ﬁelds on each microscope slide per leaf. Stom-
atal density (SD) was expressed as the number of stomata
per mm2. The speciﬁc leaf area (SLA) was calculated as
the ratio of leaf surface area and dry leaf biomass (the
leaves were dried after measuring, 48 h at 60C). Chloro-
phyll content (ChlT) was determined using dimethyl sulf-
oxide as a solvent, according to the method given by
Hiscox and Israelstam (1979). An average of 100–150 mg
of fresh leaf tissue was incubated at 65C in 1 mL dimetyl
sulfoxide for 5 h. After incubation, chlorophyll absorption
was measured at the wavelengths of 663 and 645 nm
using the Shimadzu UV-160 spectrophotometer.
Statistical analysis
The statistical analysis of data obtained in this experi-
ment was carried out using the SAS statistical package
(SAS Institute, Inc. 2011). For each of the analyzed char-
acteristics in each light treatment in both ontogenetic
phases the MEANS procedure was used. Norms of reac-
tion for all of these traits are presented using mean
values of individual families, in each of the experimental
light treatments (higher and lower) and ontogenetic
phases of development (seedling and adult). To investi-
gate the effect of different light intensity on phenotypic
variation of ecophysiological characteristics of leaf
I. pumila manifested in the two ontogenetic stages of
development, we used analysis of variance (ANOVA), in
which the ontogenetic stages and light treatments were
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treated as ﬁxed factors (two distinct ontogenetic phases,
seedling and adult; and two speciﬁc light treatments,
higher and lower) and family as a random factor
(selected families are random samples of all families). For
this analysis, we applied the GLM procedure of the SAS
statistical package (SAS Institute, Inc. 2011).
To achieve normality and homoscedasticity, SLA data
were loge-transformed, whereas the other traits did not
need transformation. Appropriate transformations were
chosen according to the method proposed by Box and
Cox (1964) and a speciﬁc program for the SAS Statistical
Package using standard SAS syntax and procedures
(SORT, MEANS and REG) provided by Fernandez
(1992). The mixed-model analyses of variance (procedure
GLM, SAS Institute, Inc. 2011) were computed for each
trait in order to evaluate the following sources of pheno-
typic variation: phase (amount of ontogenetic variabil-
ity), light treatment (amount of phenotypic plasticity),
family (genetic variation), phase by treatment interaction
(variation for plasticity between ontogenetic phases),
phase by family interaction (genetic difference between
families in response to phase variation), treatment by
family interaction (genetic variability for plastic response
to treatments), and phase by treatment by family interac-
tion (genetic variation for plasticity between families in
response to phase variation). Within each phase the
mixed model ANOVA was carried out for each trait. Differ-
ences between the means of the same traits in different
treatments were tested by Scheffe’s multiple comparisons
procedure (procedure GLM, option MEANS, SAS Insti-
tute, Inc. 2011).
Phenotypic correlations were calculated by the
CORR procedure (SAS Institute, Inc. 2011). Correla-
tion coefﬁcients were compared by transforming the
correlation coefﬁcient values into z scores (Fisher’s
r to z transformation) and performing a z test (Cohen
et al. 2003):
Z = z1 – z2ð Þ= square root of 1=N1 – 3ð Þ+ 1=N2 – 3ð Þ½ ð Þ
where Z is test statistics, z1 and z2 are z values that cor-
respond to correlation coefﬁcients, and N1 and N2 are
sample sizes.
In order to evaluate overall strength of correlations
between four ecophysiological traits in a particular treat-
ment and ontogenetic phase, we calculated variance of
correlation-matrix eigenvalues (VE) for each treatment/
ontogenetic phase combination. That variance is higher
when correlations between multiple analyzed traits are
stronger, because most of the variance can then be
explained with one or several eigenvalues and the differ-
ence between eigenvalues is greater (Wagner 1984). This
measure of trait integration scales linearly with the
square of the mean correlation, and it is a better reﬂec-
tion of the overall trait integration when compared with
the average correlation (Tomaševic et al. 2011). For each
treatment and ontogenetic phase, the original dataset
was resampled with replacement and the correlation
matrices were re-estimated 10 000 times. To estimate the
impact of sampling error, these re-estimated matrices
were then compared with the original observed correla-
tion matrix for that treatment and ontogenetic phase
using the mean matrix correlation as an estimate of
matrix repeatability, t. Also, we compared overall
strength of correlations in different treatments and
phases by calculating VE ratios, and their statistical sig-
niﬁcance (and therefore signiﬁcance of the differences in
overall correlation strengths) was estimated by a ran-
domization test based on 10 000 permutations. Analyses
were performed using PopTools 2.62, CSIRO, Canberra,
Australia (Manly 1991; Hood 2004, available at http://
www.poptools.org).
Results
The mean ontogenetic reaction norms (calculated for
each light treatment) were steep in all four traits, indicat-
ing a general capability of I. pumila traits for plastic
adjustment to ontogenetic and corresponding environ-
mental change (Fig. 1). Difference in ambient light levels
between two groups of plants used in this study signiﬁ-
cantly affected the phenotypic values of SD and SLA
(Table 1) for the entire sample. The signiﬁcant effect of
ontogenetic phase (and corresponding light environment)
was also obtained for all studied traits and the pattern of
reaction norms was trait speciﬁc (Table 1; Fig. 1). Statisti-
cally signiﬁcant variation among families was revealed
for ChlT and Chl a/b (Table 1), indicating genetic varia-
tion for these traits. Mixed-model ANOVA showed signiﬁ-
cant phase × treatment interaction for three traits (SD,
SLA and ChlT) (Table 1), suggesting a difference in
slopes of ontogenetic plasticity in different light
treatments.
Within each of the applied light treatments the results
of ANOVA (Table 1) conﬁrmed the signiﬁcant effect of
ontogenetic phases (all P < 0.0001). A signiﬁcant effect of
the ontogenetic phase on SD was revealed in both light
treatments (Table 1). In the higher light treatment the
mean value for all families was lower in the seedling
phase compared with the adult phase (707.06 no./cm2
vs. 872.51 no./cm2; respectively). The same trend of the
mean difference was attained in the low light treatment
(458.51 no./cm2 vs. 882.88 no./cm2). Light intensity sig-
niﬁcantly affected SD in the seedling phase, but, because
of steeper slopes of ontogenetic reaction norms in the
lower light treatment (signiﬁcant phase × treatment
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interaction), those differences disappeared in the adult
phase, where light levels were correspondingly higher in
both light treatments.
Higher values were obtained for SLA in the seedling
compared with the adult phase in both light treatments
(122.80 cm2/g1 vs. 103.76 cm2/g1 in the higher light
intensity; 198.54 cm2/g1 vs. 140.71 cm2/g1 in the lower
light intensity). These differences were statistically signif-
icant (effect of the ontogenetic phase and corresponding
light environment) in both light treatments (Table 1). The
ontogenetic reaction norms for SLA in the lower light
treatment had a steeper slope between two ontogenetic
phases compared with the higher light treatment (Fig. 1).
Also, a greater difference was observed between the
values of SLA in the higher and the lower light treat-
ments for the seedling than for the adult phase.
The total chlorophyll concentration was different in
the seedling and the adult phases in both light treat-
ments, demonstrating ontogenetic plasticity and plastic
response to environmental change (Table 1; Fig. 1).
Higher values for ChlT were obtained in the seedling
phase in both light treatments (22.98 μg/cm2
vs. 15.49 μg/cm2 in the higher and 22.26 μg/cm2
vs. 18.90 μg/cm2 in the lower light treatment). A signiﬁ-
cant family effect (genetic variability) was revealed in the
lower light treatment (Table 1). Although most ontoge-
netic norms of reaction crossed in lower light conditions
(Fig. 1), family × phase interaction was not statistically
signiﬁcant (Table 1). A signiﬁcant phase × treatment
interaction (Table 1) indicates differences in slopes of
ChT ontogenetic reaction norms between plants grown
in different treatments (Fig. 1). In the higher light treat-
ment the slope was steeper, which resulted in a signiﬁ-
cant difference between treatments in the adult phase
(P < 0.0117) that was absent in the seedling phase
(P < 0.3161).
The chlorophyll a/b ratio had lower values in the
seedling phase compared with the adult phase in both
light treatments (2.09 and 1.90 in the seedling phase com-
pared with 2.76 and 2.58 in the adult phase) (Table 1;
Fig. 1). A signiﬁcant genetic variability (family effect)
was detected in the lower light treatment, whereas the
interaction of family × phase was not statistically signiﬁ-
cant in either light treatment for Chl a/b.
The total number of signiﬁcant Pearson’s correlations
in the whole sample was higher in the seedling phase
than in the adult phase (Fig. 2). Among signiﬁcant corre-
lations in the seedling phase, three were negative
(between SD and SLA, SLA and ChlT, and ChlT and Chl
a/b) and one was positive (between SLA and Chl a/b).
In the adult phase, there was a positive correlation
between SLA and Chl a/b and a negative correlation
between ChlT and Chl a/b (Fig. 2). There were ﬁve sig-
niﬁcant trait correlations between different ontogenetic
Fig. 1 Ontogenetic reaction norms in I. pumila. Plots for SD
(stomatal density) (no./cm2), SLA (speciﬁc leaf area) (cm2/g),
ChlT (chlorophyll content) (μg/cm2) and Chl a/b (the ratio of
chlorophyll a to chlorophyll b) in seedling and adult plants from
17 I. pumila full-sib families grown under two contrasting light
treatments. Mean ontogenetic plasticity for each trait is indicated
by the thick line.
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phases. Four correlations were positive (between SLA in
the seedling and SLA in the adult phase, SLA in the
seedling and ChlT in the adult phase, ChlT in the seed-
ling and ChlT in the adult phase, and Chl a/b in the
seedling and ChlT in the adult phase) and one was nega-
tive (between SD in the seedling and SLA in the adult
phase).
Wherever a signiﬁcant difference was observed
between a pair of traits from different ontogenetic
phases, the correlation coefﬁcient from the seedling
phase was stronger (Table S3).
Estimated variance in eigenvectors (VE) as a measure
of overall correlation strength (sometimes referred to as
trait integration) was 0.783 for seedlings in the lower
light treatment, 0.243 for adult plants in the lower light
treatment, 0.404 for seedlings in the higher light treat-
ment, and 0.098 for adult plants in the higher light treat-
ment. Overall correlation strengths were therefore
considerably higher in the seedling phase compared with
the adult one, and all those differences were statistically
signiﬁcant (all P < 0.0001). Randomization tests also
revealed that VEs were estimated on correlation matrices
with very high repeatabilities (for all matrices higher
than 0.975), indicating very low impact of sampling
error.
Phenotypic correlations between leaf traits were inﬂu-
enced by the environmental conditions (Fig. 2, Table S1,
Table S2). In the high light treatment only one signiﬁcant
correlation was observed in the seedling phase (between
ChlT and Chl a/b), as well as in the adult phase
(between SLA and Chl a/b) (Fig. 2). There were four sig-
niﬁcant trait correlations between different ontogenetic
phases: two were positive (between SLA in the seedling
and ChlT in the adult phase, and between ChlT in the
seedling and SD in the adult phase) and two were nega-
tive (between ChlT in the seedling and SLA in the adult
phase, as well as between ChlT in the seedling and Chl
a/b in the adult phase).
Table 1 Results of mixed-model analyses of variance for SD (stomatal density) (no./cm2), SLA (speciﬁc leaf area) (cm2/g), ChlT (total
chlorophyll concentration) (μg/cm2) and Chl a/b (the ratio of chlorophyll a to chlorophyll b) in Iris pumila, performed on the whole
sample and in contrasting light environments (higher and lower light treatment) separately
Source of variation d.f. Whole sample
SD (no./cm2) SLA (cm2/g) ChlT (μg/cm2) Chl a/b
F P F P F P F P
Phase 1 153.74 0.0001 103.19 0.0001 91.63 0.0001 60.76 0.0001
Treatment 1 23.86 0.0002 203.25 0.0001 3.76 0.0703 4.24 0.0560
Family 16 1.27 0.3210 1.13 0.4067 2.63 0.0310 2.39 0.0453
Phase × treatment 1 29.70 0.0001 16.29 0.0010 9.95 0.0061 0.06 0.8035
Phase × family 16 0.83 0.6465 0.99 0.5067 0.58 0.8563 0.40 0.9637
Treatment × family 16 0.54 0.8879 0.50 0.9121 1.45 0.2346 0.41 0.9562
Phase × treatment × family 16 0.70 0.7895 1.22 0.2587 0.82 0.6593 1.38 0.1590
Error 139
Source of variation d.f. Higher light treatment
SD (no./cm2) SLA (cm2/g1) ChlT (μg/cm2) Chl a/b
F P F P F P F P
Phase 1 15.22 0.0009 56.83 0.0001 129.18 0.0001 60.22 0.0001
Family 16 0.49 0.9153 1.65 0.1625 1.92 0.1016 1.76 0.1348
Phase × family 16 1.42 0.1543 1.26 0.2390 0.81 0.6723 1.15 0.3267
Error 85
Source of variation d.f. Lower light treatment
SD (no./cm2) SLA (cm2/g1) ChlT (μg/cm2) Chl a/b
F P F P F P F P
Phase 1 233.62 0.0001 90.81 0.0001 22.43 0.0001 63.03 0.0001
Family 16 1.48 0.2198 0.78 0.6892 3.92 0.0047 2.72 0.0269
Phase × family 16 0.56 0.9037 1.13 0.3358 0.67 0.8166 0.83 0.6457
Error 98
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Contrary to the higher light treatment, in the lower
light treatment the most signiﬁcant correlations were
observed between traits within each ontogenetic phase
(Fig. 2). Four signiﬁcant correlations were detected
between traits within the seedling phase. Only one was
positive (between SLA and Chl a/b) and the rest were
negative. In the adult phase one correlation was positive
(SLA and Chl a/b) and one was negative (ChlT and Chl
a/b) (Fig. 2). Identical to the whole sample, in each light
treatment the correlation coefﬁcient from the seedling
phase turned out to be stronger wherever a signiﬁcant
difference was observed between a pair of traits from dif-
ferent ontogenetic stages (Table S3).
Discussion
Our analysis included investigation of changes in trait
means during the ontogeny, investigation of correlations
between the same traits in different ontogenetic stages,
as well as investigation of changes in correlation struc-
tures between ontogenetic stages. Although ontogenetic
changes in some traits (like clone or plant size, or dry
mass per plant) are obvious and expected, possible onto-
genetic changes in mean values of other traits, like the
ones considered in this study, are not so predictable
(James & Bell 2000; Lusk 2004; Franks et al. 2009; Hou-
ter & Thijs 2012; Chondrogiannis & Grammatikopoulos
2016). However, in this research, we detected that ana-
tomical and ecophysiological traits changed signiﬁcantly
from the seedling to the adult stage, and that changes
were similar in higher and lower light treatments.
It has long been known that the stomata is the most
important system that controls the entry of CO2 and the
release of water (i.e. controls photosynthesis and respira-
tion, and as such is crucial for the survival of terrestrial
plants) (Gay & Hurd 1975; Nadeau & Sack 2002; Wang
et al. 2007; Arve et al. 2011). The density of stomata usu-
ally decreases with decreasing light intensity (Pazourek
1970; Wild & Wolf 1980; Lee et al. 1996; Cao & Booth
2001; Schlüter et al. 2003; Baltzer & Thomas 2005; Hoven-
den & Schoor 2006; Avramov et al. 2007; Casson & Gray
2008), which was the case for seedlings in our study, but
not for 3-year-old adult plants. Although seedling SD
was negatively correlated with adult SLA, it was not sig-
niﬁcantly correlated with adult SD. As a consequence,
the negative correlation with SLA in the seedling phase
(due to the negative correlation in the lower light habitat)
was lost in the adult one, decoupling possible selection
on those traits in the later phase. Although there is evi-
dence that SD decreases with the increase in chlorophyll
content (Loranger & Shipley 2010), in this study, we
detected only one signiﬁcant correlation between these
two traits (positive relation between seedling ChlT and
adult SD in higher light conditions). Therefore, selection
on seedling ChlT can, through the correlated response of
adult SD, put limits on independent selection of adult SD
only in those plants that constantly experience higher
light conditions, suggesting that constraints for inde-
pendent selection can be limited and environment
speciﬁc.
In many plant species, adaptive plastic responses to
low light through the alterations in foliar morphology,
especially in the speciﬁc leaf area, were far more impor-
tant than biochemical modiﬁcations (Bjorkman 1980;
Hikosaka & Terashima 1996; Niinemets & Kuul 1998;
Niinemets et al. 1998; Shipley 2000; Evans & Poorter
2001; Avramov et al. 2007). The SLA is one of the key
Fig. 2 Trait correlations and ontogenetic phases (seedling and
adult) in I. pumila (SD, stomatal density; SLA, speciﬁc leaf area;
ChlT, chlorophyll content; Chl a/b, the ratio of chlorophyll a to
chlorophyll b). Signiﬁcant correlations between trait pairs in the
same and in different ontogenetic phases. Correlations were cal-
culated on the whole sample and in higher and lower light treat-
ments separately. For trait acronyms, see Material and methods.
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characteristics that determine differences in growth rates,
and thus the probability of survival in different light
treatments (Villar & Merino 2001; Baltzer & Thomas
2005; Poorter et al. 2006; Dwyer et al. 2014). Higher SLA
detected in seedlings compared with adult plants is con-
sistent with the expected adaptive response of that par-
ticular trait to the conditions of rapid growth, higher leaf
turnover and lesser investment in a particular leaf
(Dwyer et al. 2014), which characterize I. pumila seed-
lings, as well as with lower light intensities that charac-
terize natural seedling environments mimicked in this
study.
Along with morphological changes, adaptation to low
light intensity includes physiological (i.e. biochemical)
changes in the leaves. The modiﬁcation of the photosyn-
thesis is a complex process involving many functional
properties of the leaf. Changes in total chlorophyll con-
centration and in chlorophyll a/b ratio with varying
quantities of light are conﬁrmed in many studies
(Murchie & Horton 1997; Lee et al. 2000; Oguchi et al.
2003; Baltzer & Thomas 2005; An & Shangguan 2008),
whereas there are some in which these changes were not
identiﬁed (Niinemets 1997; Hanba et al. 2002; Athanasiou
et al. 2010). Because light-energy absorbance scales
directly with chlorophyll content per unit leaf area, and
because leaf thickness decreases with decreasing irradi-
ance, a shade-induced increase in leaf chlorophyll con-
tent is believed to be necessary to enhance the quantum
yield of photosynthesis for an incident light
(Niinemets & Kuul 1998; Dai et al. 2009). Ontogeny inﬂu-
enced ChlT and Chl a/b differently. For ChlT, difference
in the slopes of ontogenetic reaction norms led to differ-
ences between treatments in adult stages that were
absent in the seedling phase, whereas Chl a/b ontoge-
netic change was similar in both environments. ChlT
values in different phases were positively correlated (due
to a positive correlation in the lower light treatment),
whereas such a relationship was not detected for Chl
a/b. ChlT and Chl a/b were negatively correlated in
both phases. Also, genetic variability (family effect) was
detected only in lower light conditions for ChlT and
Chl a/b.
Correlation structures also changed during I. pumila
development from seedling to adult 3-year-old clones,
both in higher light and in lower light conditions.
Although correlations between the same traits in both
phases were weak, correlations and integration were still
higher in the seedling phase compared with the adult
one. Higher trait integration (VE) in the earliest phases
can be a consequence of maternal effects and maternal
correlations that were demonstrated in I. pumila previ-
ously (Tucic & Avramov 1996a), as well as a conse-
quence of higher selection pressures in earlier phases of
the development (Schlichting & Pigliucci 1998).
Finally, our results show that genetic variance-
covariance matrices (Schlichting & Pigliucci 1998) can
vary not only phylogenetically but also, in the case of
I. pumila, depending on the environment and ontogenetic
stage in question. This demonstrates the need for the
Eco-Evo-Devo approach (West-Eberhard 1989, 2003;
Schlichting & Pigliucci 1998; Müller 2007; Pigliucci 2007;
Müller & Pigliucci 2010; Pigliucci & Müller 2010) in the
analysis of the evolutionary potential of studied anatomi-
cal and ecophysiological leaf traits in I. pumila, and sup-
ports its application in other plant species.
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